ABSTRACT: The aim of this study was to examine variability of acorn anatomical characteristics in seventeen Quercus robur L. genotypes. Acorns were collected in clonal seed orchard Banov Brod (Srem, Vojvodina, Serbia). Microscopic measurements were done for pericarp (total thickness, thickness of exocarp and mesocarp), seed coat (total thickness, thickness of outer epidermis, parenchyma, and inner epidermis), and embryo axis (diameter, thickness of cortical region, and diameter of stellar zone). Obtained results revealed certain divergence between genotypes. The thickness of pericarp varied from 418 to 559 mm (genotypes 20 and 22, respectively). On average, the participation of exocarp in the total thickness of pericarp was 36.3%, of mesocarp 61.0%, while of endocarp 2.6%. The thickness of seed coat for individual genotypes ranged from 71 mm (genotype 28) to 157 mm (genotype 38). In addition, anatomic parameters of embryo axis varied among studied genotypes. The lowest cortical zone thickness and stellar zone diameter were measured in genotype 40, while the highest values in genotype 33.
INTRODUCTION
Oaks are among the most common tree species found throughout the world (W i t t w e r et al., 1993) . Fruits of oaks, acorns, are botanically characterized as nuts. They are usually associated with an involucre forming a cup around the mature fruit. The acorn contains one seed with a straight embryo without endosperm (B o n n e r and V o z z o, 1987). During the acorn development, walls of the ovary are hardening into the pericarp, which surrounds the entire structure. Acorns are hard, one-seeded, dry, and indehiscent fruits ( H o l m a n and R o b b i n s, 1944). In white oaks, including Q. robur, they mature in the year of fertilization and are usually non-dormant. The acorn has a small embryo axis surrounded by well-developed cotyledons. After germination, the embryonic axis elongates to form the hypocotyl rudiments, while well-defined transitory region separates the axis centrally into cortical and stellar zones (B o n n e r and V o z z o, 1987).
Characteristics of individual parts of acorns are important in determination of seed viability, germination, and consequently establishment of young plants. Some species, including Quercus robur, have so-called recalcitrant seeds which do not naturally undergo significant drying and cannot survive desiccation (R o b e r t s, 1973) to the low moisture contents required for prolonged storage (G r e g g a i n s et al., 2000) . These seeds are shed from the mother plant with high moisture content and thereafter remain sensitive to desiccation, losing viability as they lose water (R o b e r t s, 1973). The pericarp appears to form the main natural barrier to desiccation under both natural and artificial conditions of seed storage (S o b r i n o -V e s p e r i n a s and V iv i a n i, 2000). Furthermore, it has been suggested that the pericarp of certain seeds contains substances that inhibit germination (T h a p l i y a l and N a it h a n i, 1996), and their presence may restrict gaseous exchange, water input, and embryo growth (B r a d b e e r, 1988; M i y a j i m a, 1996). A thin seed coat adjoining the pericarp protects the embryo against mechanical injury and drying out. The role of the seed coat in controlling dormancy and germination is also known (B e w l e y and B l a c k, 1994).
Variability of the seed anatomy among species is well documented. To our knowledge, variability of the acorn structure was not investigated within oak species. The aim of the present study was to examine variability of acorn anatomical characteristics in selected Quercus robur L. genotypes, bearing in mind their importance for preservation of seed viability.
MATERIAL AND METHODS
Acorns were sampled from 20-year-old Q. robur L. trees originating from the seed orchard Banov Brod (Srem, Serbia). The seed orchard was established by grafting of 85 English oak genotypes, seventeen of which were selected for this study : 4, 5, 6, 16, 18, 20, 21, 22, 25, 28, 29, 30, 33, 35, 38, 40, and 85 . Acorns were collected from the ground after natural drop, and fixed in the mixture composed of ethyl alcohol and glycerol (v/v 50:50) . Anatomical traits of pericarp and seed coat were studied at cross sections made in the middle part of the acorn, and the preparations were made using sliding microtome. Cross-sections of seeds at the level of embryo axis were made using freezing microtome. Microscopic measurements were done for pericarp (total thickness, thickness of exocarp and mesocarp), seed coat (total thickness, thickness of outer epidermis, parenchyma, and inner epidermis), and embryo axis (diameter, thickness of cortical region, and diameter of the stellar region). Three acorns were used for each genotype, of which 5 preparations were made (15 in total per genotype).
Participation of individual parts of the pericarp in its total thickness, as well as participation of cortical and stellar regions in the embryo axis diameter, was also calculated and expressed as percent.
The data were statistically processed using the analysis of variance (ANOVA). The genotypes were compared using the Duncan's test at a = 0.05. Mean values of the studied parameters were ranked and marked with letters. Means followed with the same letter did not differ significantly at p < 0.05.
RESULTS

Pericarp
The pericarp is firm, and easily detached from the seed. It has three distinct layers visible on the cross sections: sclarified exocarp, multi-layered parenchymatous mesocarp, and a thin, one-layered endocarp ( Figure 1 ).
The exocarp consisted of epidermis and mechanical cells. The epidermis is one-layered, composed of cells with thick walls. Several layers of mechanical cells (sclereids) leaning on the epidermis are followed with layers made up of parenchymatous cells (mesocarp). Cells of the internal layers of the mesocarp are flattened forming parenchymatous plates. There are relatively reduced vascular bundles in this part of the pericarp. The innermost part of the pericarp, endocarp, is composed of relatively small cells, and some of them form trichomes.
Measurements of anatomical parameters of the pericarp are summarized in Table 1 . Slight variations in the total thickness of pericarp, exocarp, and mesocarp have been noticed. Thickness of pericarp varied from 418 (genotype 20) to 559 mm (genotype 22), with an average value of 503 mm for all genotypes. This trait also showed lower variability (CV = 9.83%) than the thickness of exocarp (CV = 10.43%) and mesocarp (CV = 13.85%). The greatest thickness of exocarp was noticed in genotypes 6 and 30, and ranged from 240 (genotype 6) to 135 mm (genotype 38). On average, the thickness of this peri- (x100) carp layer reached 182 mm. Thickness of mesocarp was the most variable anatomical trait of the pericarp, with the average value of 308 mm for all studied genotypes. The lowest value was recorded for genotype 20 (219 mm), and the highest for genotype 28 (382 mm). The lowest values of both mesocarp and pericarp thickness were noticed in genotype 20. Participation of the exo-, meso-and endocarp in the pericarp total thickness varied between studied genotypes (Table 2) , and average amounts were 36.3, 61.0, and 2.6%, respectively. All genotypes were characterized by the highest participation of mesocarp. The highest values of the exocarp participation, and the lowest of endocarp, were found in genotypes 6, 20 and 30. Among others, genotypes 28, 33, and 38 had the highest participation of mesocarp, and the lowest of exocarp, in the total thickness of pericarp. 
Seed coat
A thin, brown seed coat is leaning to the inner side of the pericarp (Figure 1). It is made up of outer epidermis in which trichomes are formed, multi-layered parenchyma and inner epidermis leaning on cotyledons. Vascular bundles are placed in the parenchymatous layer. Individual cells of this layer contain crystals of calcium oxalate in the form of druses or crystal sand.
The thickness of seed coat was approximately five times smaller than the thickness of pericarp (Table 3) . Values obtained for individual genotypes ranged from 71 (genotype 28) to 157 mm (genotype 38). Genotype 29 had the thickest outer epidermis (24.8 mm), while genotypes 18, 22, 28, 35, and 40 the thinnest (13 mm). The thickness of parenchyma varied between 45 (genotype 28) and 124 mm (genotype 38). Genotype 28 had the thinnest seed coat parenchyma and the thickest parenchymatous layer of the pericarp (mesocarp) (Tables 1 and 3). Of the studied seed coat traits, the thickness of parenchyma had the highest variability among the genotypes (CV = 16.32%), followed by the outer epidermis (CV = 13.71%). The genotypes did not differ in the thickness of inner epidermis. 
Embryo
The acorn contains one seed with a straight embryo ( Figure 2 ) and well-developed, symmetrical cotyledons. Embryo consists of an axis, the hypocotyl -root axis, bearing at one end the root meristem, and at the other, the cotyledons and the meristem of the first shoot. Cortical and stellar zones as well as a continuous layer of the surface cells (protoderm) are distinguished in the embryo axis (Figure 3) . A procambial system (the future vascular system), continuous throughout the hypocotyl and the cotyledons, is commonly differentiated in the embryo. Anatomical parameters of the embryo axis varied among studied genotypes (Table 4 ). The embryo axis diameter ranged between 1300 and 2000 mm. Thickness of the cortical zone varied from 378 to 584 mm, and diameter of the stellar zone from 544 to 898 mm.
The greatest variability among studied genotypes was obtained for diameter of the embryo axis stellar zone (CV = 11.81%) and thickness of the embryo axis cortical zone (CV = 10.43%), followed by the diameter of the embryo axis (CV = 9.02%). Among others, genotype 33 had the highest diameter of the embryo axis, as well as the thickness of cortical zone. In contrast to it, genotype 40 had the lowest values of studied traits of the embryo. On average, studied traits of embryo axis amounted: the diameter -1584 mm; thickness of the cortical zone -461 mm, diameter of the stellar zone -752 mm.
Tab. 4 -Dimensions of chosen structures of acorn embryo axis in
On average, participation of the cortical zone in the diameter of the embryo axis was 55%, while of the stellar region 44.9% (Table 4) . Genotypes differed by the participation of these two regions in the embryo axis diameter. Genotype 4 had the highest participation of the stellar, and the lowest of cortical zone, while genotypes 22, 30 and 40 had the highest participation of the cortical, and the lowest of stellar zone.
DISCUSSION
Variability of acorn structure between Q. robur genotypes was studied in this paper. Anatomical traits slightly differed between the genotypes as result of interaction between certain genotype and common environmental conditions.
The external surface of the ripe acorn presents two areas of different color, texture and composition (S o b r i n o -V e s p e r i n a s and V i v i a n i, 2000): cupular surface (corresponds to the area of attachment to the cupule), apical surface (area outside the cupule), and the transition band between them. The pericarp structure in the cupular region differs from that of the acorn apical region. The structure of the acorn cupular area is simple and homogenous, with vascular bundles composed of small, undifferentiated parenchymal cells having thick walls but lacking the cuticle or external cell layer (S o b r in o -V e s p e r i n a s and V i v i a n i, 2000). Absence of the sclereids in this area enables the acorn growth (Z e m k o v a, 1980). In the present work, structure of the pericarp in the apical acorn region was studied.
Structural characteristics and thickness of the pericarp are considered to have a major role in seed germination as they influence water absorption of the embryo, gas exchange, and leakage of inhibitors (T a y l o r s o n and H e n d r i c k s, 1977; M o h a m e d -Y a s s e e n et al., 1994). Variability of the pericarp thickness between the genotypes was lower than of the seed coat. The thickest pericarp was found in genotype 22, along with genotypes 6, 16, 28, 40 and 85, while the thinnest in genotypes 20 and 29. However, other genotypes were characterized by the thickest (38, 85, 4) or the thinnest (28, 40, 33, 22, 18) seed coat. The mesocarp takes up 52-71% of the pericarp, and its thickness was the most variable trait of the pericarp. A negative correlation was found between the exocarp and mesocarp thickness, as well as between the pericarp and seed coat thickness (r = -0.391 and -0.393, respectively), while the pericarp and mesocarp thickness were correlated positively (r = 0.835). Hence, well-protected acorns with firm pericarp may have thinner mesocarp (parenchyma). A well-developed parenchymatous tissue is important for accumulation of organic matters during the stages of acorn development. In addition, there are implications concerning the role of the parenchymatous layer (mesocarp) in absorption and retaining of water. Chestnut oak (Q. prinus) acorns are much more capable to germinate in dry soils than acorns of white, black, or northern red oak (M c Q u i l k i n, 1990). This difference may be due to a thick parenchyma layer in the acorn pericarp that allows them to absorb and retain more moisture than acorns of other oaks (K o r s t i a n, 1927).
In the pericarp, thickness of sclerified exocarp ranged from 135 to 240 mm (genotypes 6 and 38, respectively). In almost all fruit types, the sclerotic cells are considered as a very important cellular type present in the pericarp, and they are related mainly to the protection of seeds from injuries, and the support of mesocarp fleshy tissues (R o t h, 1977) . S o b r i n o -V e s p e r in a s and V i v i a n i (2000) reported that the pericarp constitutes a barrier to water loss and protects recalcitrant seeds of Q. suber against dessiccation. This barrier is functional both during acorn development and after shedding. Q. robur seeds are also recalcitrant, sensitive to desiccation, and they lose viability as they lose water (R o b e r t s, 1973). Therefore, it could be assumed that acorns with thicker pericarp have better protection against desiccation, as found in genotypes 6, 16, 22, 28, 40 and 85. In some species, the pericarp of acorns is known to inhibit the natural germination process. In Q. nigra seeds, neither the pericarp nor the seed coat imposed significant barriers to passage of water. Therefore, P e t e r s o n (1983) assumed that delayed germination of Q. nigra seeds was caused by mechanical strength of the pericarp, chemical inhibition by the pericarp and slowly increasing capacity to imbibe water required for pericarp rupture. The pericarp structure changes during stratification and germination process. In stratified water oak acorns, V o z z o (1985) described pores in the exocarp with underlying highly branched tubular channels, which represent potential pathways for gas and water exchange.
The seed size is important for growth and development of plants, and is related to cotyledons as well as to embryo axis. A larger seeds potentially have more nutrient reserves stored in the cotyledons to feed the radicle and rapidly growing root system. The seed is still supporting the root growth long after the root has started to branch. The increase of plants during growth is based on their present size because of the geometric rate of cell division and therefore a larger seed produces more cells faster (M o t z, 1996) .
During germination, carbohydrate and lipid contents in embryo diminish and both substances shift from the cotyledons to the embryo axis. Unlike carbohydrates, proteins were found near the shoot apex and not in the cotyledons (V o z z o and Y o u n g, 1975) . Previous studies have shown that larger acorns produce bigger plants faster than smaller ones, due to more cotyledon tissue to feed the radicle and rapidly growing root system (T e c k l i n and M c -C r e a r y, 1990). Dimensions of the embryo axis diameter and its parts, cortical and stellar region, are important for development of the future plants considering different tissues that will be formed. The protoderm become the epidermal tissue, cells of the ground meristem differentiate into a cortex, while the procambium become the vascular tissue. The ground meristem is distinguished from the procambium by its less elongated and wider cells, but both kinds of cells are filled with storage products in the dormant embryo (P a u l s o n and S r i v a s t a v a, 1968). Development of the procambium in the stellar region is of particular significance considering the role of the future conducting system in the transport of matters necessary for plant development. Diameter of the stellar zone showed the highest genotypic variability (CV = 11.8%) of all tested embryo axis traits.
CONCLUSION
Genotype specificity of anatomical traits of acorns was evident in studied Q. robur genotypes. The thinnest pericarp and a very thin cortical zone of the embryo were found in genotype 20. The lowest cortical zone thickness and stellar zone diameter were measured in genotype 40, while the highest values in genotype 33. Analyses of traits of the pericarp and seed in different genotypes can be of significance in determination of seed quality necessary for programs related to improvement, breeding, selection, propagation, and seed storage in English oak, bearing in mind their importance for preservation of seed viability.
